Thermodynamic parameters for Nickel-Cadmium (NiCad) and Nickel-Hydrogen (NiH2) batteries are calculated for temperatures ranging from 273.15K (0"C) to 373.15K (100"C). For both systems, we list equilibrium and thermoneutral voltages for the cells, and in the case of the NiH2 battery, these data are provide for hydrogen fugacities ranging from 0.01 to 100 (arm) to simulate the full discharged and charged states. The quality of the input thermodynamic data are assessed and the effect of assuming different cell reactions is analyzed.
INTRODUCTION
Nickel-cadmium (NiCad) and nickel-hydrogen (NiH2) batteries are used extensively in aerospace systems, because of their relatively high energy and power densities and their excellent cycling capabilities [14] . However, given the severe demands placed on cycling performance for satellites in low earth orbit (LEO) and recognizing the need to keep battery weight to an absolute minimum, efforts continue to improve the cycle life particularly to high depths of discharge. The current standard in this regard for NiH 2 batteries is a cycle life of 30,000 cycles to 50% loss in capacity (of the nickel electrode) at 50% depth of discharge. The cycle life of NiCad batteries is not as favorable (generally a few thousand cycles), so that these systems are commonly not employed where cycle life is the key operational characteristic. 
AGcell = Products Reactants
where AfG_ is the standard Gibbs energy of formation of component I, n is the stoichiometric coefficient for the reaction, and subscripts P and R refer to "products" and "reactants,"respectively, in the cell reactions (i.e. Reactions
(1),(2),(l'),and(2')).
A full assessment of the thermodynamics of a battery requires the estimation of the thermoneutral potential of the cell, defined as and hence T AEcell = -/_J-lcell / rib (7) = AEcell -T where AH_ is the change in standard enthalpy for Reaction k. Note that a term involving the fugacity of hydrogen does not appear in Equations (10) and (11) [corresponding to Reactions (2) and (2")], because we have assumed that fH2 is a constant, independent of temperature. Noting that heat capacities are generally expressed in the form o = A + BT + CT "2 (13) Cp we derived expressions for the Gibbs energy and enthalpy of formation of any given compound at temperature T as ¢ follows.
and
where afS_o and AfH_-o are the enux_py and enthalpy 0f formation at the reference temperature (T O= 298.15K)
and Af, Bf, and Cfare the coefficients in Equation (13) for the formation of the compound of interest.
Thermodynamic parameters of formation calculated using Equations (14) to (16) for various active components in NiCad and NiH2 batteries are summarized in Table 3 as a function of temperature from 273.15K (0'C) to 373.15K
(100'C). Notethat novalues aregiven forCd and H2 because, by definition, the parameters of formation are zero at all temperatures.
Calculation of the equilibrium and thermoneulral cell voltages requires a knowledge of the activity of water, which for 8 molal KOH can be expressed as (7) In all20 = -6.345750 + 6.125771
x 103 / T-2.093874 x 106 / T 2 (17)
+2.324516
x 108/T 3
The activity of water for this electrolyte ranges from 0.514 at 263.15I( to 0.618 at 393.15K.
The data summarized in Table 3 were used to estimate equilibrium and thermoneutral cell voltages for NiCad and NiH2 batteries as a function of temperature, as given in Tables 4-7 . We should note, at this point, that the thermodynamic data for NiOOH •H20 are poorly known, so that lower confidence should be placed in the potentials calculated from Reactions (1') and (2') than is those calculated from Reactions (1) and (2). Accordingly, in this work, we will emphasize the thermodynamic calculations that involve NiOOH as the oxidized, active material at the positive electrodes ofNiCad and NiH2 batteries.
DISCUSSION
As seen from the data summarized in Tables 4 and 5 , the equilibrium potentials for NiCad and NiH2 batteries with 8m KOH electrolyte decrease with increasing temperature and, for the latter system at any given temperature, increase with increasing hydrogen partial pressure. The dependence of AEell on temperature results directly from the entropy and heat capacity changes for the cell reactions as well as from the change in water activity in the electrolyte, whereas the dependence on hydrogen pressure (in the case of NiH2 batteries) results directly from the thermodynamics of the negative electrode. We also note that much larger changes in AEcell with temperature are predicted if the oxidized nickel phase is assumed to be NiOOH •H20 rather than NiOOH, but the poor quality of the data for the former precludes any in-depth analysis of this difference.
Thermoneutral potentials for NiCad and NiH2 batteries are listed in Tables 6 and 7 . The thermoneutral voltage corresponds to that voltage that the cell would have to operate at so that the entropic dissipation of energy is zero.
Of course, the data calculated in this work do not include the various irreversible sources of energy dissipation, associated with heat generation due to the internal cell resistance and arising from the reactions occurring at the electrodes on charging and discharging. These irreversible effects are best la'eated using irreversible thermodynamic methods of the type proposed by Ratjke et al [9] .
For both the NiCad and NiH2 batteries, lhe thermoneutral voltage is greater than the equilibrium cell voltage at equivalent temperatures and hydrogen pressure (for the Nil 2 system). This relationship arises from the fact that the entropy changes for the cell reactions on discharge are negative, corresponding to exothermic processes. Likewise, e T on charging both cells are endothermic provided that the voltage lies between AI_-Cell and AP-cell.
Finally, we note that the equilibrium cell potentials calculated in this work for the NiH2 battery are in good agreement with our previous calculations and with experimental data [7]. A similar comparison cannot be made with experimental data for NiCad batteries because we have used these data to adjust the Gibbs energy of formation of Cd(OI-l)2 used in the calculafionsl However, it is worth noting that our equifibrium cell potential at 25"C (1.45V)
is significantly more positive than that calculated by Hodge et al [8] (1.29V). This difference may be attributed to the large uncertainty in the Gibbs energy of formation for NiOOH • H20 [8] and to the fact that Hodge et al [8] did not apply a correction for the activity of water. Clearly, the calculated value of Hodge et al [8] 
